Arginine participates widely in metabolic processes. The heterocyst-forming cyanobacterium Anabaena catabolizes arginine to produce proline and glutamate, with concomitant release of ammonium, as major products. Analysis of mutant Anabaena strains showed that this catabolic pathway is the product of two genes, agrE (alr4995 ) and putA (alr0540 ). The predicted PutA protein is a conventional, bifunctional proline oxidase that produces glutamate from proline. In contrast, AgrE is a hitherto unrecognized enzyme that contains both an N-terminal α/β propeller domain and a unique C-terminal domain of previously unidentified function. In vitro analysis of the proteins expressed in Escherichia coli or Anabaena showed arginine dihydrolase activity of the N-terminal domain and ornithine cyclodeaminase activity of the C-terminal domain, overall producing proline from arginine. In the diazotrophic filaments of Anabaena, β-aspartylarginine dipeptide is transferred from the heterocysts to the vegetative cells, where it is cleaved producing aspartate and arginine. Both agrE and putA were found to be expressed at higher levels in vegetative cells than in heterocysts, implying that arginine is catabolized by the AgrE-PutA pathway mainly in the vegetative cells. Expression in Anabaena of a homolog of the C-terminal domain of AgrE obtained from Methanococcus maripaludis enabled us to identify an archaeal ornithine cyclodeaminase.
Introduction
Arginine (2-amino-5-guanidinopentanoic acid) is the amino acid with highest N:C ratio. This is due to the presence of a guanidine group capping its 3-carbon aliphatic side chain. In addition to being a proteinaceous amino acid, arginine has multiple metabolic uses in the living cell (Morris, 2016) . For example, it is the substrate for biosynthesis of nitric oxide, and its metabolism gives rise to polyamines and metabolites of the urea cycle. In various bacteria, arginine can serve as a source of carbon, nitrogen and energy. In cyanobacteria, oxygenic phototrophs, arginine accumulates in a cell inclusion called cyanophycin (multi-l-arginyl-poly[l-aspartic acid] ) that can eventually be mobilized. Consistent with such diverse metabolic uses, arginine can be metabolized by numerous enzymes, including those of catabolic pathways that make its nitrogen atoms available for metabolism. Some of these pathways produce glutamate, which is a major distributor of nitrogen in the cell (Lu, 2006) . Commonly, first steps in catabolism of arginine involve its conversion to ornithine, either directly by arginase (with concomitant release of urea) or arginine amidinotransferase (with transfer of urea to an acceptor metabolite) or indirectly via citrulline produced by arginine deiminase and further metabolized by ornithine carbamoyltransferase (Lu, 2006) . Ornithine is then converted to glutamate either via glutamate-semialdehyde or via proline. In the latter case, ornithine cyclodeaminase, an enzyme discovered in Clostridia (Costilow and Laycock, 1971; Goodman et al., 2004) , produces the proline that is further catabolized to glutamate by PutA, which is a bifunctional enzyme with proline dehydrogenase and Δ 1 -pyrroline-5-carboxylate dehydrogenase activities (Liu et al., 2017) . Some cyanobacteria grow as chains of cells (filaments) that, under nitrogen deprivation, contain two cell types: vegetative cells that fix CO 2 through oxygenic photosynthesis and heterocysts that fix N 2 (Flores and Herrero, 2010) . In rapidly growing filaments, heterocysts and vegetative cells are found in a ratio of about 1 to 10. The heterocysts provide the vegetative cells with fixed nitrogen, and the vegetative cells provide the heterocysts with reduced carbon, mainly in the form of sucrose, through intercellular molecular transfer (Nürnberg et al., 2015) . Cyanophycin accumulates conspicuously in the polar regions of the heterocysts, and degradation of cyanophycin takes place in two steps: cyanophycinase produces a dipeptide, β-aspartyl-arginine that is transferred to the adjacent vegetative cells where it is hydrolyzed by isoaspartyl dipeptidase producing aspartate and arginine . Those amino acids, together with glutamine (Thomas et al., 1977) , serve as nitrogen sources for the vegetative cells. Whereas glutamine and aspartate can make their nitrogen atoms available for metabolism by glutamine-oxoglutarate aminotransferase and aspartate transaminase, respectively, (Thomas et al., 1977; Xu et al., 2015) , the pathway for arginine utilization was elusive.
Results

Physiological-genetic identification of the agrE-putA pathway
When filaments of the model heterocyst-forming cyanobacterium, Anabaena sp. strain PCC 7120 (hereafter Anabaena), were incubated in the presence of [ 14 C] arginine, labeled proline and glutamate were produced at substantial amounts, and ornithine was occasionally detected at low levels ( Fig. 1A ; see also . We previously showed that a putative ureohydrolase encoded in the Anabaena genome is an agmatinase rather than an arginase and is not required for the production of proline and glutamate from arginine . Open reading frame (ORF) 14 C]ornithine (B) for 10 min and extracted. Samples were subject to thin layer chromatography (TLC) and visualized by electronic autoradiography as described in section 'Experimental procedures'. The amino acids identified were: Arg, citrulline (Cit), Glu, Gln, ornithine (Orn) and Pro. Empty ovals indicate the approximate locations of the spots of Pro and Glu (not produced in the corresponding mutant). Note that citrulline and arginine are synthesized from ornithine in the ΔagrE mutant. C. Schematic showing the putative metabolic path of the labeled amino acids. D. Catabolism of 1.9 µM L-[U-
14 C]proline in Anabaena wild type and the putA::C.S3 mutant (incubation time, 15 min). Arrowheads point to the origin of the chromatography. alr4995 of the Anabaena genome has been discussed as a possible arginine deiminase (ADI) or arginine amidinotransferase (AT) (Schriek et al., 2007) . A more detailed analysis of Alr4995 showed, however, that it has two distinct domains (Fig. 2) . The N-terminal part of the protein is predicted to have the structure of an α/β propeller domain characteristic of arginine deiminases and arginine amidinotransferases (Shirai et al., 2006) , and the C-terminal part is homologous to a Methanococcus protein annotated as lysine-oxoglutarate reductase/saccharopine dehydrogenase (LOR/SDH) protein 2 whose function was unknown (we shall refer this Methanococcus protein as Mls2). We denoted ORF alr4995 gene agrE (from arginine-guanidine removing enzyme) and constructed an Anabaena strain (ΔagrE) with deletion of an internal fragment of this gene (see section 'Experimental procedures' and Fig. S1 ). Neither proline nor glutamate was observed in filaments of strain ΔagrE when incubated in the presence of [ 14 C]arginine (Fig. 1A) , indicating that protein AgrE is needed to catabolize arginine to proline and glutamate. Anabaena filaments incubated with [ 14 C] ornithine also produced labeled proline and glutamate, and this production was also arrested in strain ΔagrE (Fig. 1B) , indicating that AgrE also mediates catabolism of ornithine (Fig. 1C) , which could be an intermediate in the reaction that produces proline from arginine. Because arginine deiminases produce citrulline from arginine, it was also possible that citrulline rather than ornithine is an intermediate in the reaction catalyzed by AgrE, and that in our in vivo assays with [ 14 C]ornithine, 
. Metabolites in the cell suspensions were extracted and analyzed by TLC and autoradiography as described in section 'Experimental procedures'. The amino acids identified were: Arg, Cit, Pro, Glu, Gln and Orn. Note that the glutamine and citrulline spots overlap. White triangles point to the origin of the chromatography. C, Alternative pathway via citrulline that is ruled out by analysis of the argF mutant (i. (Fig. 3) , indicating that conversion to citrulline was unnecessary for ornithine catabolism. These observations suggested that AgrE can indeed use ornithine as a substrate as well as produce it as an intermediate in the conversion of arginine into proline. We hypothesize that (i) the N-terminal domain of AgrE catalyzes the formation of ornithine from arginine, and (ii) the C-terminal domain of AgrE catalyzes the production of proline from ornithine.
We then constructed derivatives of the Anabaena ΔagrE mutant expressing Strep-tagged Anabaena AgrE or Methanococcus Mls2 ( Fig. S3 and S4 (Fig. 4) (Fig. 1D) . Hence, alr0540 encodes a PutA protein of Anabaena.
In vitro activity of AgrE
The complete AgrE protein and its N-terminal AT/ADI domain were produced separately in Escherichia coli as His-tagged proteins, and the products of in vitro assays were analyzed by HPLC after derivatization with phenylisothiocyanate (Heinrikson and Meredith, 1984) . When incubated with arginine in a buffer, each of these proteins produced ornithine ( Fig. 5A, B ; Table 1 , assays sets 1 to 3), but no simultaneous production of urea (determined colorimetrically) was observed as it would have been expected from an arginase-like reaction. Instead, in addition to ornithine, production of ammonium was found. The whole protein produced 1.71 ± 0.16 mol of NH 4 + per mol of ornithine (mean and SD, n = 4 independent enzyme preparations), and the N-terminal domain produced 1.84 mol of NH 4 + per mol of ornithine. These results indicate that the N-terminal domain of AgrE is an arginine dihydrolase, reminiscent of the succinylarginine dihydrolase activity of some α/β propeller proteins (Shirai et al., 2006) . The same conclusion has been recently reported for a homologous protein from the unicellular cyanobacterium Synechocystis sp. PCC 6803 (Zhang et al., 2018) . No production of proline from ornithine was, however, observed with the whole His-tagged AgrE protein assayed under different incubation conditions. We next produced and isolated a Strep-tagged AgrE protein from an Anabaena strain carrying the corresponding gene construct on a plasmid (Fig. S3 ). Using arginine , ornithine (Orn) and proline (Pro) correspond to products detected by HPLC 60 min after the addition of the substrate. DTT, dithiothreitol; β-m-etOH, β-mercaptoethanol; PLP, pyridoxal 5-phosphate. b His-tagged AgrE protein isolated from E. coli (see Fig. S8A ). c His-tagged AgrE N-terminal (AT/ADI) domain isolated from E. coli (see Fig. S8B ). d Strep-tagged AgrE protein isolated from Anabaena (see Fig. S8C ). The protein used in Assays set 5, 6 and 7 was isolated in the presence of 10 mM DTT and 1 mM NAD
The products of this assay were analyzed by the derivatization and HPLC methods described by Fabiani et al. (2002) . f This figure exceeds the stoichiometry of 2 mol NH 4 + /mol of ornithine expected for the arginine dihydrolase reaction, which may imply that the reaction proceeded further to proline releasing extra ammonium. , and the reaction products were analyzed by HPLC after derivatization with phenylisothiocyanate (Heinrikson and Meredith, 1984) . The molar ratios of products detected are indicated.
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as substrate, this protein was observed to produce ammonium and ornithine with a stoichiometry of 1.91 mol NH 4 + per mol of ornithine ( Fig. 5C and Table 1 .4). Using ornithine as substrate, this protein, incubated in the presence of a reducing agent and 1 mM NAD + , was observed to produce ammonium and proline with a stoichiometry of 1.16 ± 0.12 mol NH 4 + per mol of proline (n = 4) ( Fig. 5D and (Goodman et al., 2004) .
These results indicate that AgrE can catalyze the cyclodeamination of ornithine. Because the N-terminal, α/β propeller domain is an arginine dihydrolase, and because the C-terminal, LOR/SDH-like domain is homologous to the Methanococcus Mls2 protein that provides Anabaena with the capability to produce proline from ornithine ( Fig.  4D) , we ascribe the ornithine cyclodeaminase activity of AgrE to the C-terminal domain of the protein (Fig. 2) . Using arginine as substrate some preparations of Strep-tagged AgrE were observed to produce more than 2 mol NH 4 + per mol of ornithine (see Table 1 .6). This result suggested that the Strep-tagged protein isolated from Anabaena is able to carry out the two consecutive reactions of AgrE, also producing ammonium from ornithine, although the concomitant production of proline could not be determined because of coincidence of proline and arginine in the chromatography. We then carried out assays analyzing the products of the reaction with a different amino acid derivatization and HPLC method (Fabiani et al., 2002) . For these assays, we used Streptagged AgrE isolated from Anabaena in the presence of a reducing agent and NAD + , which were the conditions that permitted to observe consistently the ornithine cyclodeaminase activity. Using arginine as substrate, the production of ammonium, ornithine and proline could be detected ( Fig. 6 and Table 1 .7). The amount of ornithine produced was 1.65-fold higher than the amount of proline, and the amount of ammonium produced (29.2 nmol min ), according to the reaction depicted in Fig. 2 . Hence, the studies carried out in vitro with different versions of the AgrE protein corroborate that this enzyme can catalyze the conversion of arginine into proline with concomitant release of ammonium.
Physiology and cell specificity of the AgrE-PutA pathway
We have recently described a pathway producing sym-homospermidine from arginine in Anabaena (Burnat et al., 2018) . The first enzyme in this pathway is arginine decarboxylase encoded by speA (all3401), and an speA mutant is drastically hampered in diazotrophic growth apparently because of a requirement for polyamines during heterocyst differentiation (Burnat et al., 2018) . Here, we studied the growth rate constants of the agrE and putA mutants in liquid medium. As shown in Fig. 7A , both mutants showed substantial diazotrophic growth. Nonetheless, strain ΔagrE was frequently observed to have increased granulation in the cytoplasm that can correspond to accumulation of cyanophycin (Fig. 7B) , ) was assayed in 100 mM phosphate buffer (pH 7.5) supplemented with 1 mM NAD + , 1 mM β-mercaptoethanol and 40 mM L-arginine. A. HPLC analysis of the 60-min reaction products after derivatization with 9-fluorenylmethyl-chloroformate (Fabiani et al., 2002) . Arg, substrate; FMOC, 9-fluorenylmethyl-chloroformate; React., unknown reaction mixture component; Proline (Pro*) and ornithine (Orn*) are noted to partially overlap reagents. B. Quantification of the reaction products after subtraction of time zero values. The reaction rates were calculated from the slope of the lines: 29.20 nmol ammonium min indicating that no other major pathway degrading arginine is expressed in Anabaena under the growth conditions tested. Like the speA mutant, the double ΔagrE ΔspeA::C.S3 mutant was unable to grow diazotrophically (Fig. 8B) .
In diazotrophically-grown filaments of Anabaena, hydrolysis of β-aspartyl-arginine takes place mainly in vegetative cells rather than in heterocysts . To investigate the cell type in which the AgrEPutA pathway is active, we prepared an Anabaena strain producing AgrE fused to superfolder green fluorescent protein (sf-GFP) (Fig. S7) . In filaments incubated under diazotrophic conditions, the AgrE-sf-GFP fusion protein accumulated in vegetative cells at substantially higher levels than in heterocysts ( Fig. 9A and B) . Expression of the putA gene was studied by northern blot analysis with RNA isolated from whole filaments incubated with different nitrogen sources and from purified heterocysts (Fig. 9C) . The heterocyst RNA was validated by hybridization with probes of the nifH gene (encoding a nitrogenase component, expressed only in heterocysts) and the rbcL gene (encoding a subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase, expressed only in vegetative cells) as described previously (Picossi et al., 2005) . The putA gene is 2,991-bp long, and a transcript of about 3.6 kb was observed with RNA from whole filaments but not from heterocysts (Fig. 9C) , showing that that putA is expressed specifically in vegetative cells. These results together suggest that arginine is degraded by the AgrE-PutA pathway mainly in vegetative cells. or N 2 as the nitrogen source, as well as in isolated heterocysts (Het). The probe used is shown in the scheme at the top of the figure. The arrowhead points to a transcript of about 3.6 kb. As loading control, the membrane was hybridized with a rnpB probe. As controls for the quality of the RNA isolated from heterocysts, the same membrane was hybridized with a nifH and a rbcL probe. (Data of the heterocyst controls are from Picossi et al., 2005.) A B C
Discussion
Our work has identified in the heterocyst-forming cyanobacterium Anabaena an arginine catabolism pathway that produces glutamate mediated by the products of only two genes, agrE (alr4995 in the Anabaena genome) and putA (alr0540). Figure 10 depicts this pathway along with the homospermidine biosynthesis pathway that we have recently described in Anabaena (Burnat et al., 2018) . Among the pathways that catabolize arginine producing glutamate and ammonium, the use of ornithine as an intermediate is common. However, ornithine is normally produced by an arginase that also releases urea or by a dihydrolase if arginine is activated with succinyl-CoA (Vander Wauven and Stalon, 1985; Lu, 2006) . AgrE is unique in having arginine dihydrolase activity, which can be ascribed to the N-terminal domain of the protein ( Fig. 2 ; see also Zhang et al., 2018) . In many bacteria, ornithine (or succinyl ornithine) is further catabolized through glutamate semialdehyde (or succinyl glutamate semialdehyde) to glutamate (Lu, 2006) , but in a few bacteria including some clostridia and Agrobacterium a specific ornithine cyclodeaminase produces proline (Costilow and Laycock, 1971; Goodman et al., 2004) , which is then oxidized to glutamate by the bifunctional proline oxidase PutA (Lu, 2006) . As we have shown in this work, AgrE from Anabaena bears a C-terminal domain that carries out an ornithine cyclodeaminase-like reaction producing proline, although AgrE is not homologous to conventional ornithine cyclodeaminases, and therefore, represents a new type of protein with this activity. Proline produced by AgrE in Anabaena is further oxidized to glutamate by PutA. Overall, AgrE and PutA represent a straightforward pathway to make available to metabolism the four nitrogen atoms of arginine, three as ammonium ions and one as glutamate (Fig. 10) .
As observed repeatedly in this work, when using arginine as substrate, AgrE can release ornithine in vitro. It is likely that ornithine release from AgrE can also take place in vivo, since [
14 C]ornithine has been occasionally observed in our experiments of [ 14 C]arginine catabolism by Anabaena (see, e.g. Fig. 4A ). Nonetheless, in vitro, AgrE can produce proline from arginine as shown in Fig. 6 , implying that the C-terminal domain of AgrE can directly use ornithine produced by the N-terminal domain. This observation raises the possibility that AgrE carries out substrate channeling, a process by which an intermediate is transferred from one enzyme active site to another without diffusing out of the enzyme (Liu et al., 2017) . If this were the case, the K m of the enzyme for ornithine would be expected to be higher than for arginine. Consistently, available information permits to estimate a K m of AgrE for arginine of about 6 mM and for ornithine of about 50 mM (Table 1) . Although further work will be necessary to increase our knowledge of the biochemistry of AgrE, we speculate that channeling in AgrE may prevent the use of ornithine in arginine biosynthesis under physiological conditions that favor arginine catabolism, thus avoiding the operation of a futile cycle. A similar situation, channeling of the intermediate P5C/GSA, may occur in the second enzyme of this pathway, PutA (see Fig. 10 ), thus avoiding the use of the intermediate in proline biosynthesis. Substrate channeling has been investigated comprehensively in other bacterial PutA proteins (Liu et al., 2017) .
In Anabaena, arginine can be taken up from the outer medium by a high-affinity ABC transporter (Pernil et al., 2008) or can be produced from cyanophycin . Under diazotrophic conditions, β-aspartyl-arginine released from cyanophycin in the heterocysts is transferred to the vegetative cells, in which it is split producing aspartate and arginine . The agrE and putA genes are expressed mainly in the vegetative cells of diazotrophic filaments, which is consistent with the idea that the AgrE-PutA pathway will contribute to the utilization by the vegetative cells of the nitrogen fixed in the heterocysts. This pathway is however not essential for diazotrophic growth. The use of arginine as substrate for the biosynthesis of homospermidine may also contribute to support growth of the vegetative cells under diazotrophic conditions, since, in addition to producing polyamines, the homospermidine biosynthesis pathway releases urea and ammonia that can be used in metabolism (Fig. 10 ). For this, urea is further degraded to two molecules of ammonia and CO 2 by urease, which is present in Anabaena (Valladares et al., 2002) .
The agrE and putA genes are present in a large number of sequenced cyanobacterial genomes (tested at https://img.jgi.doe.gov/cgi-bin/m/main.cgi) indicating that the agrE-putA pathway is widely distributed in these organisms. However, these genes are not present in cyanobacteria such as Synechococcus elongatus or the marine Prochlorococcus spp. and Synechococcus spp., which do not produce cyanophycin. These observations suggest a role of the agrE-putA pathway in catabolism of arginine made available by mobilization of cyanophycin. Previous work done with Synechocystis (which also accumulates cyanophycin) suggested a role of the proline biosynthesis protein ProC in production of glutamate during arginine and ornithine catabolism, but the proC mutant still showed substantial production of proline implying the existence of another enzyme synthesizing proline during arginine catabolism (Quintero et al., 2000) . The Synechocystis ORF Sll1336 encodes a 705-amino acid residue protein that is 74% identical to Anabaena AgrE, and could therefore be responsible for the observed production of proline in the Synechocystis proC mutant.
Whereas the putA gene is of wide distribution in the living world, agrE is restricted to cyanobacteria and a few other bacteria. Notably, a protein homologous to the C-terminal domain of AgrE is found in Methanococcus maripaludis and related archaea. These organisms have been known to express ornithine cyclodeaminase activity (Graupner and White, 2001 ), but no gene encoding a conventional ornithine cyclodeaminase is found in their sequenced genomes leading to the idea that they express a different type of ornithine cyclodeaminase. Hence, our work showing that the M. maripaludis protein homologous to the C-terminal part of AgrE provides Anabaena with the capability of producing proline from ornithine has also identified the gene encoding archaeal ornithine cyclodeaminase. The M. maripaludis gene encoding this protein, MMP1218, appears to be not essential in either minimal medium or a complex rich medium (Sarmiento et al., 2013) . Our results identifying this gene's product as an ornithine cyclodeaminase could open the possibility of performing a specific test of its role in the physiology of this type of archaea.
Experimental procedures
Strains and growth conditions
Anabaena sp. strain PCC 7120 was grown axenically in BG11 medium (containing NaNO 3 ), BG11 0 medium (free of combined nitrogen) or BG11 0 NH 4 + medium (BG11 0 containing 4 mM of NH 4 Cl and 8 mM of TES-NaOH buffer, pH 7.5). In every case, ferric citrate replaced the ferric ammonium citrate used in the original recipe (Rippka et al., 1979) ). For mutants described below, antibiotics were used at the following concentrations: erythromycin (Em), 2 µg ml -1 for liquid cultures and 5 µg ml -1 for solid media; neomycin (Nm) at 20 µg ml -1 for both liquid and solid media; streptomycin sulfate (Sm) and spectinomycin dihydrochloride pentahydrate (Sp), 5 µg ml -1 each for both liquid and solid media. DNA was isolated from Anabaena sp. by the method of Cai and Wolk (1990) . The ΔargF::C.K3 mutant is an arginine auxotroph and was supplemented with 0.5 mM of l-arginine.
Escherichia coli strain DH5α was used for plasmid constructions, strains HB101 and ED8654 for conjugations with Anabaena sp., and strain BL21(DE3) for overexpression of proteins. They were grown in Luria-Bertani medium supplemented when appropriate with antibiotics at standard concentrations.
Plasmid constructions and genetic procedures
Open reading frame (ORF) alr4995 of the Anabaena chromosome (Kaneko et al., 2001) was inactivated by removing an internal fragment of 1,755 bp. DNA fragments upstream (490 bp) and downstream (500 bp) from the central region of the gene were amplified by PCR using DNA from Anabaena as template and primers alr4995-3/alr4995-4 and alr4995-5/alr4995-6 (all oligodeoxynucleotide primers are listed in Table S1 ). The external primers, alr4995-3 and alr4995-6, included a PstI-site in their 5′ ends, and primers alr4995-4 and alr4995-5 were complementary in their 5′ ends to be joined together by the megaprimer PCR protocol. The DNA fragment from this gene was cloned in pSPARK (Canvax Biotech S.L., Spain) and its sequence was corroborated by sequencing. The cloned fragment was then transferred as a PstI-ended fragment to PstIdigested pCSRO (Merino-Puerto et al., 2013) , producing pCSDH8.
Conjugation of Anabaena with E. coli HB101 carrying the cargo plasmid (pCSDH8) with helper and methylation plasmid pRL623 was effected by the conjugative plasmid pRL443, carried in E. coli ED8654, and performed as described (Elhai et al., 1997) with selection for resistance to Sm and Sp. Exconjugants were spread on BG11 0 NH 4 + medium supplemented with 5% sucrose (Cai and Wolk, 1990) , and individual Suc R colonies were checked by PCR looking for clones that had replaced the wild-type locus by a locus bearing the deletion. The genetic structure of selected clones was studied by PCR with DNA from those clones and primers alr4995-6/alr4995-7 and alr4995-7/alr4995-8. A clone homozygous for the mutant chromosomes was named strain CSMI43 (Δalr4995).
The plasmid carrying fusion gene alr4995-sf-gfp was prepared as follows. A 603-bp fragment from the 3′-terminal part of alr4995 was amplified by PCR using Anabaena DNA as template and primers alr4995-9 (which contains a HindIII site) and alr4995-10 (which lacks the stop codon of the gene and contains a BsaI site in its 5′ end), and the resulting fragment was cloned as a HindIII/BsaI-ended fragment in HindIII/BsaI-digested pCSAL39 producing plasmid pCSMI72 that carries the fusion of the sf-gfp gene to the 3′ end of alr4995 (pCSAL39 is a pMBL-T-derived vector that contains the sf-gfp gene, a sequence encoding a 4-Gly linker and a BsaI site in its 5′ end). The insert of pCSMI72 was corroborated by sequencing and the resulting fusion was transferred as a KpnI-ended fragment to KpnI-digested pCSV3, which provides resistance to Sm and Sp (Valladares et al., 2011) , producing pCSMI73. This plasmid, which bears the alr4995-sf-gfp fusion gene, was transferred to Anabaena by triparental mating as described above, with selection for Sm R Sp R . Insertion into alr4995 and segregation of chromosomes carrying the fusion was confirmed by PCR using template DNA from exconjugant clones and primers alr4995-11 and gfp-6 for testing insertion of sf-gfp, and alr4995-11 and alr4995-6 for testing segregation of the mutated chromosomes. A homozygous clone bearing the alr4995-sf-gfp construct was named strain CSMI32.
ORF alr4907 (argF) encodes ornithine carbamoyltransferase (Kaneko et al., 2001) . To inactivate alr4907, two DNA fragments, one encompassing 522 bp from sequences upstream from the central region of the gene and the other including 646 bp from sequences downstream from the central region of the gene, were amplified by PCR using DNA from Anabaena as template and primer pairs alr4907-1/alr4907-2 and alr4907-3/alr4907-4, respectively, (alr4907-2 and alr4907-3 bear SmaI sites at their 5′ ends). The two amplified DNA fragments, joined together by the megaprimer PCR protocol, were cloned into pSPARK producing plasmid pCSMI67 and, after corroboration by sequencing and digestion with SmaI, were ligated to SmaI-ended gene cassette C.K3 encoding Km r /Nm r , producing plasmid pCSMI68. The insert of the resulting plasmid, excised with SacI, was transferred to SacI-digested pCSRO (Merino-Puerto et al., 2013) , producing pCSMI69. Conjugation of Anabaena with E. coli HB101 carrying pCSMI69 and helper and methylation plasmid pRL623 was effected by the conjugative plasmid pRL443, carried in E. coli ED8654, and performed as described (Elhai et al., 1997) with selection for resistance to Nm. Exconjugants were isolated, and double recombinants were identified as clones resistant to Nm, resistant to sucrose (Cai and Wolk, 1990) , and sensitive to Sm and Sp, for which the resistance determinant was present in the vector portion of the transferred plasmid. The genetic structure of selected clones was studied by PCR with DNA from those clones and primers alr4907-5/alr4907-6 and alr5045-5/alr4907-4. Clones homozygous for the mutant chromosomes were only obtained for the indirect orientation of the C.K3 cassette, and one of them was named strain CSMI30b (Δalr4907::C. K3).
ORF alr0540 (putA) encodes proline oxidase. To inactivate alr0540, a 2.3-kb fragment from the central part of alr0540 was amplified by PCR using Anabaena DNA as template and primers PA-1 and PA-2, and the resulting fragment was cloned into pGEM-T producing plasmid pCSS6. Gene cassette C.S3 encoding Sm r Sp r was introduced in the HindIII site of pCSS6, producing plasmid pCSS9. The insert of the resulting plasmid, excised with PvuII, was transferred to NruIdigested pRL278, resulting in plasmid pCSS11. Conjugation of Anabaena and identification of exconjugants was performed as for the CSMI30b mutant (but using Sm r Sp r for positive selection). A clone homozygous for the mutant chromosomes was named CSS5.
ORF all3401 (speA) encodes arginine decarboxylase, and the arginine decarboxylase deletion mutant (∆speA::C. S3) has been described previously (Burnat et al., 2018) . To create a double ∆agrE ∆speA::C.S3 mutant, plasmid constructs used to create the speA mutant were transferred to Anabaena ∆agrE by triparental mating, as described above, with selection for Sm R Sp R . Exconjugants were isolated, and double recombinants were identified as clones resistant to Sm and Sp, resistant to sucrose, and sensitive to Nm, for which the resistance determinant was present in the vector portion of the transferred plasmid. The genetic structure of selected clones was studied by PCR with DNA from those clones and appropriate primer pairs (Fig. S6) . A clone homozygous for both mutations was obtained and named strain CSMI43-MI35 (∆agrE ΔspeA::C.S3).
Construction of strains producing Alr4995 (AgrE)
For overexpression of protein Alr4995 (AgrE), two strategies were used. For the first strategy (expression in E. coli), the 6xHis tag was added in frame to alr4995 and the N-terminal AT/ADI domain of alr4995. Using DNA from Anabaena as template and primers alr4995-11 and alr4995-12 (which includes a PstI site close to its 5′ end), and alr4995-11 and alr4995-13 (which also includes a PstI site close to its 5′ end), the alr4995 gene and the AT/ADI domain of alr4995 were amplified by PCR. The PCR products were PstI-digested and cloned into SfoI/PstI-digested pPROEX-HTb expression vector, producing plasmids pCSMI81 and pCSMI82, respectively, whose inserts were corroborated by sequencing. These plasmids were introduced into E. coli BL21(DE3) by electroporation.
The second strategy, used for overexpression of Alr4995 in Anabaena and for complementation of the Anabaena alr4995 deletion mutant, was performed using Strep tag II and a plasmid replicating in Anabaena. Using DNA from Anabaena as template and primers alr4995-19 (which includes an NdeI site close to its 5′ end) and alr4995-17 (which includes a BamHI site close to its 5′ end), ORF alr4995 was amplified by PCR and ligated into pSPARK (Canvax, Biotech SL) producing plasmid pCSMI93, whose insert was corroborated by sequencing. This insert was excised from pCSMI93 by digestion with NdeI/SalI, and transferred to NdeI/XhoI-digested pCMN28b (which is a vector derived from pET28b in which the His tag has been replaced by a Strep-tag sequence, as described previously [Napolitano et al., 2013] ), producing plasmid pCSMI94. Plasmid pCSMI94 was BglII-digested, recessed 3′ ends were filled with Klenow fragment, and BamHI-digested. The resulting excised fragment was transferred to SmaI/ BamHI-digested pRL3845 replacing all1711 by alr4995, producing pCSMI95. (pRL3845 is a Cm R Em R -plasmid that contains a P glnA -all1711 construct and can replicate in Anabaena [López-Igual et al., 2012] .) As is the case for all1711 in pRL3845, alr4995 in pCSMI95 is expressed from the Anabaena glnA promoter. This plasmid was conjugated into Anabaena wild type and strain CSMI43 (Δalr4995) as described above, with selection for Em R , producing strains CSMI40 and CSMI43-C respectively.
Construction of strains producing LOR/SDH protein 2 of Methanococcus
Cloning of the LOR/SDH protein 2 of Methanococcus (hereafter protein Mls2) was performed as above for alr4995, with some modifications. Using genomic DNA from Methanococcus maripaludis strain S0001 (which is derived from the wild-type M. maripaludis S2; William B. Whitman laboratory, University of Georgia) as template and primers LOR/ SDH-4 (which includes a BamHI site close to its 5′ end) and LOR/SDH-5 (which includes an NdeI site close to its 5′ end), the Mls2-encoding gene was amplified by PCR and ligated into pSPARK producing plasmid pCSMI99, whose insert was corroborated by sequencing. This insert was excised from pCSMI99 by digestion with NdeI/SalI and transferred to NdeI/ XhoI-digested pCMN28b producing plasmid pCSMI100. This plasmid was XbaI-digested, filled in with Klenow fragment and BamHI-digested. The resulting excised fragment was transferred to SmaI/BamHI-digested pRL3845 replacing all1711 by Mls2, producing pCSMI101. This plasmid was conjugated into Anabaena strain CSMI43 (Δalr4995) as described above, with selection for Em R , producing strain CSMI43-C Mls2 .
Growth tests, microscopy and northern blot analysis
Protein concentration and chlorophyll a (Chl) content of the cultures were determined by a modified Lowry procedure (Markwell et al., 1978) and by the method of Mackinney (1941) respectively. The growth rate constant (µ = ln2/t d , where t d is the doubling time) was calculated from the increase in protein content, determined in 0.2 ml samples of shaken liquid cultures. Cultures were inoculated with cells containing about 5 µg of protein ml -1 and grew logarithmically until reaching about 40 µg of protein ml -1 . For growth tests on solid media, cultures grown in BG11 medium were harvested and washed three times with BG11 0 medium, and dilutions were prepared in BG11 0 medium. Samples of 10-µl of the resulting suspensions were spotted on agar plates with different nitrogen sources and incubated at 30°C in the light (25 µmol photons m -2 s -1 ). GFP fluorescence was analyzed by confocal microscopy. Samples from cultures of strain CSMI32 or Anabaena wild type (used as a control) grown in bubbled cultures with BG11 or BG11 0 medium were visualized using a Leica HCX PLAN-APO 63X 1.4 NA oil immersion objective attached to a Leica TCS SP2 confocal laser-scanning microscope. GFP was excited using 488-nm irradiation from an argon ion laser. Fluorescence emission was monitored by collection across windows of 500-520 nm (GFP imaging) and 630-700 nm (cyanobacterial autofluorescence). Under the conditions used, optical section thickness was about 0.4 µm. GFP fluorescence intensity was analyzed using ImageJ 1.43 m software.
Northern analysis was performed using a DNA probe of putA obtained with primers PA-1 and PA-2 (Table S1 ) and control probes of the nifH, rbcL and rnpB genes as described previously (Picossi et al., 2005) .
Amino acid catabolism
Cells grown in BG11 medium were harvested by centrifugation at 4,000 rpm at room temperature, washed twice with 25 mM of N-tris(hydroxymethyl)-methylglycine (Tricine)-NaOH buffer (pH 8.1), and resuspended in the same buffer. The uptake assays were carried out at 30°C in the light (white light from fluorescent lamps, about 175 µmol photons m -2 s -1
) and were started by mixing a suspension of cells (2.1 ml) containing 5-10 µg of Chl ml ) from Amersham Life Science (UK). The final concentration of both arginine and ornithine in the experiments was 1 µM, and the final concentration of proline was 1.9 µM. The amount of metabolite taken up in the assays was estimated in 0.5 ml samples of the cell suspensions. The samples were filtered (0.45 µm-pore-size Millipore HA filters were used) and the cells on the filters were washed with 5-10 ml of 5 mM Tricine-NaOH buffer (pH 8.1). The filters carrying the cells were then immersed in 5 ml of scintillation cocktail, and their radioactivity was measured. Retention of radioactivity by boiled cells was used as a blank.
To determine metabolites produced from the provided labeled amino acid, samples of 0.5 ml of the cell suspension were immediately (<15 s) mixed, without filtering the cells, with 1.5 ml of water at 100°C and further incubated for 5 min in a bath of boiling water. The resulting suspensions were centrifuged, and samples from the supernatants were analyzed by thin-layer chromatography (TLC) and electronic autoradiography as described previously .
Expression and purification of Anabaena Alr4995
Plasmids pCSMI81 and pCSMI82 contain the alr4995 gene and the 5′ terminal part of this gene encoding the AT/ADI domain, respectively, fused in frame to a sequence encoding a 6×His tag under an IPTG inducible promoter. These plasmids were transferred to E. coli BL21-lacIq. A pre-inoculum of this strain grown overnight in LB medium supplemented with 50 µg of ampicillin (Ap) ml −1 and 1% glucose was washed with LB medium and used to inoculate 0.5 L of LB medium + Ap. The culture was incubated at 37°C up to an OD 600 of 0.6, and protein expression was induced by addition of 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). After 2-3 h at 37°C, cells were collected by centrifugation at 4,000 × g (10 min, 4°C), washed with a buffer containing 100 mM Tris-HCl (pH 8.0) and 150 mM NaCl and centrifuged at 7,000 g (10 min, 4°C). Cells were resuspended with lysis buffer (200 mM TrisHCl [pH 8.0], 500 mM NaCl, 5% glycerol and 5 mM imidazole) at 5 ml g −1 of cells. DNase I and protease inhibitor cocktail complete Mini EDTA-free (Roche) were added just before breakage of the cells by passage twice through a French pressure cell at 20,000 psi. After centrifugation at 27,216 g (30 min, 4°C), the 6xHis-Alr4995 or 6xHis-AT/ ADI Alr4995 protein was purified from the supernatant by chromatography through a 5-ml His-Select column from Sigma using imidazole in the same buffer described above to elute the retained proteins. Samples obtained after purification were subjected to SDS-PAGE to confirm the presence of the proteins (see Fig. S8A and B) .
Anabaena strain CSMI40 carries pCSMI95 in which alr4995 is cloned fused to a sequence encoding a Strep-Tag II as described above. Cyanobacterial cells were incubated in 50 ml of BG11 medium supplemented with 5 µg Em ml -1 for 5-7 days, and then transferred to 800 ml of bubbled BG11 medium supplemented with 2 µg Em ml -1 , and incubated for 5-7 days. After harvesting by filtration, cells were resuspended in 50 mM Tris-HCl (pH 8), 200 mM NaCl and 20% glycerol. Protease inhibitor cocktail complete Mini EDTA-free (Roche) was added just before breakage of the cells by passage twice through a French pressure cell at 20,000 psi. After centrifugation at 27,216 g (30 min, 4°C), soluble fractions were subjected to purification using StrepTrap HP columns and 0.53 mg ml -1 of desthiobiotin in the same buffer as above as eluent (GE Healthcare), and the protein was desalted using PD-10 columns (see Fig. S8C ). After initial checking of different conditions, 1 mM NAD + and 10 mM dithiothreitol (DTT) were added to lysis and purification buffers.
In vitro enzymatic assays of Alr4995
To set up conditions to study the enzymatic activity in vitro, l-arginine and l-ornithine supplied at different concentrations were used as substrates. Different buffers and co-factors were tried: 100 mM Tris-HCl (pH 9) buffer, 100 mM phosphate buffer (pH 7.5), 10 mM dithiothreitol (DTT), 10 mM β-mercaptoethanol and NAD + at different concentrations. Anoxic conditions obtained by flushing argon through solutions were also tried. Substrates and products were analyzed by HPLC, and urea was also determined colorimetrically (Boyde and Rahmatullah, 1980) . The HPLC method used by default involved a derivatization of amino acids with phenylisothiocyanate (PITC) (Heinrikson and Meredith, 1984 ) and was performed as described ). An alternative HPLC method involved derivatization with 9-fluorenylmethyl-chloroformate and was performed as described by Fabiani et al. (2002) .
